RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 55, NUMBER 24 15 JUNE 1997-II

X-ray L, 3resonant Raman scattering from NiO: Spin flip and intermediate-state relaxation
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We present measurements of x-ray resonant Raman scattering from NiOwitxcitation and calculations
in an ionic model based on the procesp{2s23d®) — (2p°3s23d°)— (2p®3s!3d?). The agreement between
theory and experiment is good from below threshold up to 2.5-3 eV above threshold. By comparing theory and
experiment, we show the effect of crystal-field splitting and the contribution bringing the thiplet ground
state to a singlet final state with excitation above theedge. When the excitation energy exceedslihe
threshold by about 3 eV, we present evidence that the intermediate state in the scattering can also relax to a
state similar to that created with threshold excitation. We sugtiesexcitation and electron-hole pair exci-
tation as the origin of this relaxatiohS0163-18207)50624-3

In x-ray electronic resonant Raman scatteriRRS a  (2p®3s'3d®) containing only two holes. The present work is
resonant excitation at threshold creates an intermediate stabased on a comparison between the measurements and ionic
with a deep core hole which decays via an inner-shell tranealculations of the spectra expected front Nin the process
sition, i.e., with the emission of a photon having much lower(2p®3s23d®) — (2p®3s23d°) — (2p®3s'3d®), without any
energy than the incoming photon. Hereafter a RRS spectrufearrangement in the intermediate state. We show that the
is defined as the scattered intensity vs the outgoing photomain calculated features are seen in spite of the final-state
energy fiv,,) keeping the incoming photon energhi,) lifetime broadening, demonstrating that RRS is a useful ap-
constant. In systems which can adequately be described Iptoach in this field. In particular we show in a direct way that
some average field approximation, the variation of the eni?", which is triplet in the ground state, can flip to a singlet
ergy of the electron added to the valence states due to exdinal state. Moreover, the experiment adds important infor-
tation with different photon energies has little effect on themation since we give evidence of an extra contribution ap-
inner-shell transition, so that the Raman spectrum is basbearing in RRS spectra when the excitation is several eV
cally independent oft(v;;). In particular, in a bandlike sys- above threshold. We show that a reasonable origin of this
tem the spectrum is strictly independent of the excitationcomponent is the relaxation of the intermediate state, i.e., a
energy- On the other hand, if many-body multiplet effects modification of the intermediate state before radiative decay
are important, as in atomiclike cases, the RRS spectra detue to a solid state effect likely to be thd-¢l) excitations,
pend strongly on ff»;,) as shown by rare-earth systems and to the excitation of electron-hole pairs across the gap.
across thd. edges:™ This is an important piece of experimental information

It is thus also interesting to apply RRS to strongly corre-which can stimulate further research on intermediate-state
lated systems containinfate 3d transition metals(TM’s)  modification, which is emerging as a crucial issue in reso-
which in general cannot be described by a standard bandlikeant soft-x-ray scatterin®.}> For all these reasons the
model and, needless to say, are extremely important matenpresent results have an interest well beyond the specific NiO
als (e.g., highT. superconductojs In this connection the case.
more appealing case Is; 3 excitation giving a direct dipole The measurements were made at the undulator based
transition to the 8 states. However, this work has been dis-BL26/ID12B of the European Synchrotron Radiation
couraged up to now by the large lifetime broadening, since iFacility;® the scattered light was analyzed with a grating
is nota priori evident that the results are meaningful. In factspectrograph, allowing parallel acquisition in a 40-eV energy
in late transition-metal,; RRS the dipole-allowed final interval;* and matched to the exit slit of the beamline mono-
states have as3hole contributing about 3 eV to the broad- chromator with refocusing optics. The x-ray-absorption spec-
ening. This broadening decreases considerably along thea (XAS) are obtained in the same apparatus from the
3d series on going to lower atomic numbers. In this case thesample drain current. The RRS spectra have been taken at
research is more feasible so that, to the authors’ knowledgeelected kiv;,) shown by the arrows in Fig.(&), where the
the only published work deals with Qa;3 RRS in Cal,  horizontal bars indicate the bandpass which is typically 1.6
investigated experimentally in pioneering work by Rubens-eV (at 860 eV we used 4.1 eV for intensity reaspns
son etal? and discussed by de Groot with atomiclike general a typical counting rate was three counts per second
calculations (the related K-halide problem is addressed inintegrated over the whole spectrum having chosen a
Ref. 6. The present study deals with RRS in a strongly=1.2-eV linewidth in the analyzer. In Fig.(A) the XAS
correlated system containing a latd 3M, i.e., NiO. Thisis  spectra with 0.3-eV bandpass is given. The sample was a
one of the most natural candidates due to its well-knowrsingle crystal cleaved in air, and the photon incidence was
importancé, and due to the fact that the Ni configuration is 30°. Evey 2 h the spectrum at thresho(dlo. 3) was mea-
basically d®, so that it has a simple RRS final state sured to test the stability of the whole system.
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using Cowan’s progrart?. The labelsg, n, and f indicate

No.3(853.2 eV) D ground, intermediate, and final states. The Lorentzian widths
are taken from Ref. 16. The values for the Coulomb interac-
tion were scaled down to 80% to simulate the effect of the
solid. An octahedral crystal field Doy equal to 1.5 eV has
been applied. The configurations g@d®), |2p3d®), and
|3s3d°) for the ground, intermediate, and final states, re-
spectively(underline means a hgleOne can distinguish four
distinct final states. For zerod3spin-orbit splitting coupling
c these art—:{_(Sggg)lBEg) and [(3st 54)°T5g). The singlet-

triplet splitting is (2/5G¢,y=4.1 eV. The other numerical
parameters are taken from Ref. 17. The spectral weight of
these features strongly depends on the intermediate state
which is excited by the incoming photons having different
energies. An overview of the evolution of the spectral func-
tion is seen at the 3 edge from the three-dimensional plot of
Fig. 1(B), also including the effect of the final-state lifetime;
the cross section is given as a function of the incoming pho-
ton energy fv,) and of the transferred energy
(hviy—hvgy), which are the natural coordinates given by
formula (1). This is the cross section in an experiment with
infinite resolution, and the RRS spectra in this case are the
B sections at constant incoming photon energy.

As a guideline to the following discussion it is useful to
give a qualitative explanation of thén{;,) dependence of
the theoretical RRS spectra. Obviously triplet states have on
the average a lower energy than singlet states. Even in the
presence of strong 2 spin-orbit interaction, we find that
states at the low-energy side of a spin-orbit-split manifold
have more triplet character than those on the high-energy
side. Since the Ni" ground state is a tripld(e})®A,), and
dipole transitions conserve spin, one would generally expect
the triplet final states to have more spectral weight. This is
certainly the case at the threshold where the intermediate

state has a strong triplet character. Since the ground state

3 4 A does not contair,y holes, the structure due to the crystal-

- field splitting obtains much less weight, and gives rise only
to a small line-shape asymmetry at threshold. When we go to
higher energiedtypically 3 eV above thresholdhe states
have more singlet character, and transitions from triplet
ground state into a singlet final state become possible. Thus
the cross section has two pedlsee the three-dimensional
plot of Fig. AB)] having singlet and triplet characters, each

of them containing, within the lifetime broadening, and
t,4 contributions.

FIG. 1. (A) L, absorption spectrum of NiO. The arrows and the hori-  '|n order to compare the theory and the experiments one
zontal bars indicate the excitation energies and the bandpass in RRS, respefs ; ; ; A
: : . ’ s to keep in mind the following points:
tively. (B) A three-dimensional plot of the calculatéd-RRS cross section b gp

as a function of the incoming and of the transferred engf@yRRS spectra (i) In soft-x-ray inelastic Scatte”ng' th,e modification of
excited below and at the threshold; the solid lines are the theoretical the spectral shape due to self-absorptlon IS very often a prob-
simulation including bandpass and resolution effe@$.Decompositioras  lem. An advantage of RRS is that the emitted photons are
explained in the textof the spectrum at threshold to emphasize the crystal—on|y weakly absorbed, and without deformation of the spec-
field effect shown by the separatidn trum, since the absorption well below the resonance is small

and basically constant. On the other hand, the large absorp-
The RRS was calculated with the second-order formula irtion in the excitation channel gives rise to strong saturation

the ionic limit effects. Since most of the relevant information is given by
the spectral shape, there is no point in correcting for satura-
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1 1 ) tion, and we do not discuss the relative amplitudes of the
I(hv,,h t)“z E <f|D( )|n><n|D< )|g>’ spectra.
Vin BPow T 4 | 2 Ry FEg—En+il /2| (i) The excitation bandpass and the resolution in the

analysis of the scattered light must be included in the theory

X[ (hvip—hve —(Es—Eg)] (1)  to simulate the experiment, although these effects are less
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important than final-state lifetime which is the dominant con-
tribution to the broadening. In the simulation one has to take
into account that the spectra are measured as a function of
the outgoing photon energy, and not of the transferred en-
ergy.
The experimental results up to thg threshold are given
in Fig. 2(C) (black dot3. The peak position changes linearly
with hy;, (i.e., constant transferred enejgys expected in
the RRS regime below threshold, and the line shape is domi-
nated by the Lorentzian final-state broadeniitg The solid
lines are the theoretical simulation including bandpass and
resolution effects, in addition to the lifetime broadeniiam
excellent agreement is found withy=3.2 eV, a value con-
sistent with Ref. 1B The line shape is not symmetric, as is
better seen in Fig.(D) (black dotg showing spectrum No. 3
(at 853.2 eV. As discussed above, the theory shows that the
lower-photon-energy sidéigher transferred energiesf the
peak is slightly affected by crystal-field effects, while the
other side is not. This helps in the decomposition of the
measured peak. One can define an approximate peak shape
by taking a symmetric peak having the same shape as the No.4(854.9)
high-energy side of the measured peak. With this line shape
the best fit to the measured curve is obtained with two com-
ponents given by the heavy lines in FigD}, showing also
that the residues are very small since the difference spectrum
(open doty between the measurements and the major com-
ponent is very close to the other component. This decompo-
sition is in excellent agreement with the theory, showing in a
direct way the effect of the octahedral crystal-field splitting
10Dq. Thus RRS gives very detailed information about the TN AN AN SN AN A |
threshold excitation not directly accessible to measurements 740 750
integrated alongh{v,,,). Outgoing photon energy (eV)
The evolution above thé; threshold is shown in Fig.
2(A) comparing measured spectra No. 3 and No. 4 separated FIG. 2. (A) The RRS spectréblack dot3 excited at thel; threshold
by 1.7 eV along kv;,). A deformation at higheri{(v,,) is (No. 3 and excited at 1.7 eV abovg_thr_esh(ﬁklo. 4 normalized to the
seen in spectrum No. 4 with respect to No. 3, with a Verysgme height to _shqw the shape modification. The theoretlcal simulations are
. given by the thin lines superimposed to the experimental poiBisRRS
Clear. counterpart in th? theQW- At the threSho!d the theory spectra(black dot$ with excitation in theL, region (No. 7 and No. 8
predicts the spectra given in Fig(B, and having two fea- compared with the theoretical simulatiotthin lines superimposed on the
tures due to the singlet and triplet final states of the two finakxperimental points

holes (singlet at higher transferred energies, i.e., at lower
hv,,). The spectral shape is in good general agreement béNo. 3) given with an amplitude discussed below. The width
tween theory and experiment, and in particular we see iof the spectra is much larger in cases No. 5 and No. 6
both spectra the singlet features shown by the arrows. Thelack dot$ than at thresholddashed curve This is consis-
statistics and the lifetime broadening prevent an accurate atent with the spectral intensity being added in regions where
sessment of the experimental separation between singlet aséhglet and triplet contributions are expected, and this is di-
triplet. With these precautions in mind one can say that th@ect evidence of the spin-flip transitions from the triplet
experimental separation is consistent with theory in spectrurground state to the singlet final state. The presence of singlet-
No. 7, and slightly smaller in spectrum No. 8, so that thetriplet contributions in the final state is analogous to the situ-
theoretical value of 4.1 eV is not inconsistent with the re-ation seen in C& (Ref. 4, but Ca is somewhat less inter-
sults. In conclusion a simple description based on formulasting since it igl® in the initial state, whereas here we have
(1) is fairly satisfactory from below each threshold up to ana triplet ground state. An important empirical result is that an
energy 2.5-3 eV above threshdlttis estimate also includes appropriate subtraction of the spectrum at threshold from the
the excitation bandpaks measured spectra generates a difference sp@giesm points

We next consider the excitation between theand the in agreement with the theory within the accuracy allowed by
L, threshold. In this case the theory suggests that the singldifetime broadening and bandpass. The best weight of the
to triplet separation should be observed, as shown by thepectrum to be subtracted is that given by the dashed lines,
theoretical simulation given in the upper part of each panelnd is chosen to have the best agreement between the differ-
(thin solid lines of Fig. 3(A) (case No. 5 and Fig. 3B) ence spectrum and the theory. This suggests that the spectra
(case No. & In fact the experimental resultblack dots in  excited well above threshold can be described approximately
Fig. 3) are considerably different with respect to the theory.as a superposition of two contributions coming from chan-
In both panels the dashed line is the spectrum at thresholdels in competition.
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photons excite ta® terms much higher in energy. This im-
plies a transformation of the intermediate excited state to the
lower-lying states due to the interaction with the sdfidis
contribution will be referred to as the relaxed compoinent
Note that the relaxed contribution cannot be the characteris-
tic fluorescence coming from the [23s°3d®)
—(2p®3s'3d®) decay since, in the presence of the core
hole, the threshold to the continuum is around 866[s&e

the small shoulder in XAS of Fig.(A) and Ref. 18.

These results are strong evidence that the rearrangement
in the intermediate state is very important when the excita-
tion is several eV above threshold. Since this process does
not take place at small energies above threshold, it is reason-
able to attribute the relaxation to processes having some
threshold such as thed{d) excitations in the gap and the
electron-hole pair excitation across the ¢apte the connec-
tion with the (d-d) excitations in MnO seen in x-ray reso-
nant inelastic scatterifig]. This would give a threshold con-
sistent with the present energy scale. Needless to say, a
complete assessment of this problem needs further 3ork
with other experimental methods and in a variety of TM
oxides. One of the goals of the present paper is also to stimu-
late these important researches, which have the chance to
give additional insight into the dynamic aspects of these sys-
tems.

In conclusion, we have shown that x-ray RRS across the
L, 3 thresholds in NiO gives relevant information in spite of
the considerable final-state lifetime broadening. We have ob-
served the effect of the crystal-field splitting, the separation

735 745 755

intensity (arb. units)

Loovadoanabvraalonnald of singlet and triplet final states, and in particular spin-flip
735 745 755 processes. Moreover, when the excitation is 2.5—-3 eV above
Outgoing photon energy (eV) the L5 threshold, the experimental results show a component

not present in an ionic theory calculated without rearrange-

FIG. 3. (A) The RRS excited at 856.7 eV, given by the black dots, andment in the intermediate state. Within the accuracy allowed
the theoretical simulation in the upper part of the same péhiek continu- by the lifetime broadening, this component has the same
Oms(ggihggﬁir:ge?i‘éfid ;ﬁzgttfsum“z ?ﬁé“g;ffr‘lméhge‘;vzgiﬁg V?:) t;"gi*shape as the spectrum obtained with excitation at threshold.
g’a; the amplitude of tt?e spectrt?m at threshold is chosen to give thepbesEor thls. reason _thIS component IS a.tmbUtEd to the rEIaXatlon
agreement between the difference spectrum and the theoretical simulatioRf the intermediate excited state via threshold mechanisms
(B) The same as in panéh), with an incoming photon energy of 859.2 ev. such as €-d) excitations and electron-hole-pair excitation

across the gap.

(i) One coming from the Raman scattering as calculated This work was supported by the INFiktituto Nazionale
above, i.e., without rearrangement in the intermediate statdi Fisica della Materipof Italy and the European Synchro-
(hereafter referred to as unrelaxed component tron Radiation FacilityESRB through the AXES contract.

(i) Another coming basically from the sard@ multiplet ~ The authors are indebted to P. L. Wincott and G. Thornton
obtained with threshold excitation, although the incomingfrom Manchester University for having supplied the sample.
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